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ABSTRACT: Grain boundaries in Cu2ZnSn(SxSe1-x)4 
(CZTSSe) thin films act as a defect that reduces the mobility 
of the charges. Hence one way to improve the performance 
of these thin film solar cells is to increase the grain size in 
the films. Most of the synthesis methods published so far for 
CZTSSe colloidal nanoparticles can achieve a general size 
distribution range from 5-20 nm. This is where the particle 
size will saturate for most recipes used today. The assump-
tion is that uniform size distribution is good for grain growth 
in a thin film but based on packing considerations, an opti-
mal mixture of large and small nanoparticles that can easily 
be dispersed in non-polar solvents could be better. 
Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) nanoparticles 
are synthesized using the hot-injection method with oleyla-
mine, trioctylphosphine, and hexadecane as the solvents. 
Selenium (Se) is introduced in the liquid phase to encourage 
grain growth - liquid selenization. This eliminates the need to 
anneal the film in a Se-containing atmosphere and allows for 
a more environmentally friendly process with lower tempera-
tures and shorter annealing times. We show that a good 
dispersion can be achieved by choosing suitable surfactant 
molecules, solvents and precursors, and by controlling the 
initial monomer concentration. Additionally, we show how 
our new synthesis route can be utilized to achieve targeted 
ratios of CZTS and CZTSe nanoparticles to be used for 
mixed-phase CZTSSe thin films. 
Introduction 
Cu2ZnSn(SxSe1-x)4 (CZTSSe) has shown to have great poten-
tial as a non-toxic, earth-abundant absorber material for thin 
film solar cell applications. This was recently demonstrated 
by Wang et al.1, who achieved an efficiency of 12.6%. A high 
absorption coefficient of more than 104 cm-1 and a band gap 
ranging from 1 eV to 1.5 eV are some of the properties making 
it an interesting material for solar energy conversion. On top 
of this, another reason for the increasing interest in this 
material is that its properties closely resemble the commonly 
used quaternary solar cell material CuInyGa1-ySe2 (CIGS) but 
without any relatively rare metals such as In and Ga. 
The record power conversion efficiency of a pure sulfide 
phase CZTS (x=1) solar cell is 8.8%,2 and the record efficiency 
of a pure selenide CZTSe (x=0) solar cell is 11.6%.3 The com-
bination of sulfide and selenide in the composition improves 
the efficiency because selenium facilitates grain growth and 
offers the possibility to tune the band gap of the final film. 
There are many different theories trying to explain the for-
mer observation and one such theory suggests that Se re-
places sulfur (S) in the crystal lattice during the annealing 
process and this results in the expansion of the lattice since 
the Se atom (1.98 Å) is larger than the S atom (1.84 Å). This in 
turn causes a volume expansion which leads to the elimina-
tion of voids and results in the formation of a dense film with 
fewer grain boundaries.4 
There are several techniques being used to achieve a mixed 
sulfide/selenide phase: (1) annealing CZTS in Se, (2) anneal-
ing CZTSe in S or H2S,
1 or (3) co-depositing a mixed-phase 
material.5 The main fabrication methods are divided into 
either vacuum or non-vacuum processing techniques, where 
vacuum techniques lead to good control over film composi-
tion but often is more expensive due to elaborate equipment 
and processing time. 
Wet-chemical synthesis and the solution deposition route 
for CZTSSe are attractive for large-scale fabrication. One 
should make a distinction between the nanoparticle (NP) ink 
and the precursor ink approach where a direct coating with 
precursors holds the record efficiency, η, of η=12.6%. The 
success of this cell originates from the small non-organic 
hydrazinium cation, which mixes well with all elements 
involved.6 However, the highly reactive and toxic nature of 
hydrazine limits the practicality of this approach. Caution 
should be taken when handling this non-user-friendly sol-
vent. Thus, the use of pre-synthesized NPs without the need 
for a toxic reducing agent is a major advantage. Various 
alternatives to hydrazine do exist, and several organic sol-
vents can be utilized.4,7-10 However, none was able to reach an 
efficiency close to the hydrazine route. 
Nanoparticle deposition methods such as doctor blading 
(η=9% (CZTSSe))7, spin coating (η=7.7% (CZTSSe))8, spray 
coating (η=1.4% (CZTSe))9, drop casting (η=0.74% (CZTSSe))4 
 and ink-jet printing (η=4.46% (CZTSSe))10 have been at-
tempted by many groups. The best device of pure phase 
CZTS NPs has an efficiency of 2.5%11. The main challenge 
with the NP approach is the presence of organic molecules 
used as the solvent and/or surfactant; it restricts crystal 
growth or increases the resistivity of the deposited film as a 
result of the organic molecules.9 Another common observa-
tion as a result of the organic molecules in the film is a car-
bon-rich layer separating the back-electrode Mo-layer from 
the large-grained CZTS-layer. This suggests that with large 
amounts of organic ligands, annealing does not necessarily 
result in the sintering of the surfactant-coated NPs but in-
stead it causes an out-diffusion of cations from the NPs in 
the film and new CZTS grains on top of the carbon-rich 
film.12 This carbon-rich layer can increase the series re-
sistance and act as a barrier for charge transport,12 or it can 
protect the layer so that it remains conductive.13 Nonetheless, 
the presence of the surfactant is necessary for solubility, and 
the prospects of this approach are brighter if the amount of 
organics in the film is limited. To achieve this, several means 
are pursued -  ligand exchange,8,9 control of sol-
vent/surfactant mixture during the annealing step, utilizing 
shorter chain ligands or no ligands at all (e.g. through a polar 
solvent synthesis), and post-annealing. Synthesis of larger 
NPs is a route that can reduce the amount of surfactants 
(since larger NPs have a smaller surface-to-volume-ratio and 
thus less ligands present) and on top of this, high efficiencies 
of 7.4% have be shown by the monograin solar cell ap-
proach14. If the NPs were larger, less grain growth would be 
required. This could mean lower annealing temperatures and 
shorter annealing times, and perhaps that the need for an-
nealing in a more toxic Se-atmosphere is circumvented.  
Until now, the focus has been on synthesizing NPs in the 
range of 5 to 20 nm, as showed in Table 1. Most groups have 
attempted to produce a narrow size distribution in order to 
form a compact film.15 The most commonly used methods 
are the hot-injection (or one-pot) and the solvothermal 
method. The solvothermal method can result in particles of 
hundreds of nanometers, however, the crystallite domain 
size obtained from the XRD pattern is considerably smaller 
(Table 1).13,16-21 Zaberca et al.18 find that the large particles are 
only partially crystallized. The best solar cell efficiencies have 
been obtained for nanoparticles synthesized through the 
hot-injection approach7, and for NPs synthesized through 
hot-injection, the average particle size is closer to the crystal-
lite size.4,5,7,9,11,22-34 
Previous NP syntheses suggest that larger particle sizes can 
be obtained through longer reaction duration27 and using 
chalcogenide precursors with slower reaction rates29 but so 
far these changes only resulted in anisometric particles of 
~40 nm (in length) and ~25 nm (in diameter). Zhou et al.30 
find that the particle size increased at higher reaction tem-
peratures - with 8 nm at 240oC and 16 nm at 280oC. In other 
fields of nanotechnology, larger particles have been synthe-
sized by controlling the ligand-particle interaction and the 
number of nuclei initially formed36,37 based on a paper by Yin 
and Alivatos38. Here we make use of one of these ideas to 
design an alternative method to increase the particle size. 
We hypothesize that we can control the monomer  
Table 1. Overview of NP size synthesized through the 
solvothermal or hot-injection/one-pot methods. †1  
η (%) Average 
particle 
diameter 
(nm) 
Crystallite 
domain 
size (nm) 
Reference 
 
Solvothermal method 
 5-10 4.95 Cao(2010)13 
 100-150 8 Zhou(2011) 16 
 119.7 10 Xie(2011) 17 
 200 5-20 Zaberca(2012) 18 
1.94 10 11.3 * Tian(2012) 19 
 20-3,000 < 10 Zhou(2013) 20 
 40-60 16.2 * Chalapathy(2013)21 
 
Hot-injection or one-pot method 
 12.8±1.8 12.9 * Riha(2009) 22 
7.2 15-25 12.8 * Guo(2010) 4 
0.23 10.6±2.9 7.7 * Steinhagen(2010)23 
 20.0±2.0 23 Shavel(2010)  24 
 2±12% 
2.5±10% 
5±23% 
7±20% 
3.1 * 
3.1 * 
5.0 * 
8.6 * 
Khare(2011) 25 
 17 15.7 Zou(2011) 26 
 7.8±1.6, 
8.4±1.7 
7.5±0.6 
10.2±0.7 
Riha(2011) 5 
 40 23.0 * Li(2012) 27 
 35·11 18.0 * Singh(2012) 28 
 7-10 
14-18 
25-35 
15-25 
15-25 
7 
18 
23 
13 
18 
Rath(2012) 29 
 
 
 
 8 
12 
16 
4.9 * 
7.8 * 
14.8 * 
Zhou(2013) 30 
1.4 25±5 No XRD Carreta(2013) 9 
 
 
9.9±2.6 
9.7±1.1 
4.6 * 
4.5 * 
Hou(2013) 31 
9.0 12.51±7.94 11.7 * Miskin(2014) 7 
 17.3±1.3 
13.5±2.9 
9.0 * 
12.3 * 
Li(2014) 32 
 19.8±6.5 10.3 Li(2014) 33 
2.5 60 20 Mkawi(2014) 11 
2.0 12.2±1.1 13.6 Gu(2015) 34 
    
 
 
                                                 
 
† The particle sizes are estimated from TEM images. The 
crystallite domain size is calculated from the Scherrer equa-
tion35 from the FWHM of the main (112) peak in the XRD 
pattern. *If the crystallite domain size was not given, we have 
estimated it from the XRD pattern, using K = 0.9 (approxi-
mation for spherical particles). K is a constant in the Scherrer 
equation. 
 concentration by first synthesizing CZTS NPs, and subse-
quently supplying Se to the synthesis process. Se is usually 
incorporated during annealing to increase grain growth. 
However, in this work Se is added in the liquid phase and 
this can be classified as a form of liquid selenization. We 
show that the particle growth in the liquid phase is possible 
when we choose suitable surfactant molecules, solvents and 
precursors, and this new synthesis route can achieve targeted 
ratios of CZTS and CZTSe NPs for mixed-phase CZTSSe thin 
films. 
 
Experimental details  
Copper(II) acetate (Cu(OAc)2, Sigma-Aldrich, 98%), zinc 
chloride anhydrous (ZnCl2, Sigma-Aldrich, 99.99%), tin(IV) 
chloride pentahydrate (SnCl4·5(H2O), Sigma-Aldrich, 98%), 
sulfur powder (S, Sigma-Aldrich), selenium powder (Se, 
Kanto Chemicals), hexadecane (Sigma-Aldrich, 99%), 
trioctylphosphine (TOP, Strem Chemical), and oleylamine 
(OLA, Sigma-Aldrich, 70%) were purchased and used as 
received. 
Methodology. The synthesis consists of two steps: (1) syn-
thesis of CZTS NPs and (2) conversion of CZTS NPs into 
CZTSe NPs.  
Synthesis of Cu2ZnSnS4 nanoparticle ink. In a typical 
synthesis, 0.5 mmol Cu(OAc)2, 0.32 mmol ZnCl2 and 0.25 
mmol SnCl4•5(H2O) were combined  in a three-neck flask 
with 5 mL OLA. The mixture was degassed under vacuum for 
20 min while heated and stirred. The flask was purged with 
N2, and once the temperature reached 150
oC, the mixture was 
allowed to react for 20 min until the color changed from blue 
to clear yellow. In the meantime, 1 ml of a 1 M S in OLA solu-
tion was prepared and stirred until all the S was completely 
dissolved, and the solution turned into a brownish red color. 
After formation of the clear yellow Cu-, Zn-, Sn-complex, the 
temperature was increased and once it reached 220oC, the S-
solution was rapidly injected. The typical reaction time was 
30 min, followed by water bath-cooling. 
The NPs were dispersed in toluene and sonicated to in-
crease solubility. Ethanol was added as anti-solvent and the 
solution was centrifuged for 20 min at 8,000 rpm. The sol-
vent was decanted, and the CZTS NPs were redispersed in 1 
ml OLA and 15 ml hexadecane and sonicated for 20 min to 
ensure complete dissolution for the second step of the reac-
tion. 
Liquid phase conversion of Cu2ZnSnS4 nanoparticles to 
Cu2ZnSnSe4 nanoparticles. The solution was degassed 
under vacuum for 20 min while heated to ~100oC under con-
stant stirring. The mixture was purged with N2 and the tem-
perature was raised to ~250oC. Meanwhile, 3 ml of 1.33 M Se 
in TOP solution was heated to 150oC under constant stirring 
while being purged with N2. Once the CZTS NP solution 
reached 250oC, the Se-solution was quickly injected, and the 
reaction was allowed to occur for the desired amount of 
time, typically 30 min. The reaction was stopped when the 
solution was cooled in a water bath, and the 
wash/precipitation step was repeated three times as de-
scribed for the CZTS NPs. 
Characterization. The crystallinity of the NPs was deter-
mined with powder X-ray Diffraction (XRD) from Bruker D8 
Advance, with a θ/2θ scan at a speed of 0.75o/min, sampling 
pitch of 0.02o, and Cu Kα-radiation (λ = 0.15418 nm). The 
Raman analysis was performed using a Renishaw inVia Ra-
man microscope with a 532 nm laser. Transmission electron 
microscopy (TEM) images from JEOL TEM 2100F were used 
for the morphology analysis. The stoichiometry was found 
either using a field emission scanning electron microscope 
(FESEM), JEOL 7600F, for large assemblies of particles, or 
using scanning transmission electron microscopy energy 
dispersive X-ray spectroscopy (STEM-EDS) in the JEOL TEM 
2100F for local composition data. 
 
Results and Discussion  
Larger grain size in CZTSSe thin films is desirable for its 
application as an absorber in thin film solar cells, and could 
be obtained by starting out with larger NPs. When synthesiz-
ing large NPs, there are many factors that will affect the 
growth, for instance time, temperature, and the amount of 
injected Se. In this work, we seek to understand the impact 
of these factors on particle growth while injecting Se precur-
sors into a solution of pre-synthesized CZTS NPs. In order to 
be able to control the growth, we look at the transformation 
at different reaction times (2 min, 5 min, 10 min, 20 min, 30 
min, 1 hr, 2 hr, and 4 hr), and with different concentrations 
of injected Se (0 M, 0.66 M, 1.33 M, and 2  M). 
 
(a) 
 
(b) 
Figure 1. (a) XRD pattern for CZTS prepared at 220oC for 20 
min and CZTSe prepared at 250oC for 2 hr after Se-injection. 
The 2θ diffraction peak positions for CZTS are 28.48o, 32.90o, 
47.43o, and 56.25o. The peaks for CZTSe are at 27.25o, 36.20o, 
45.28o, and 53.66o. (b) Raman spectra before and after Se-
 injection. CZTS NPs were prepared at 220oC for 20 min and 
CZTSe NPs at 260oC for 2 hr.  
 
Phase analysis. Fig. 1(a) shows the powder XRD pattern for 
nanoparticles before and after the injection of selenium. The 
2θ diffraction peak positions of the material before Se-
injection are at 28.48o, 32.90o, 47.43o and 56.25o; and after Se-
injection, the peak positions shifted to lower values, 27.25o, 
36.20o, 45.28o and 53.66o. These peaks correspond to the (112), 
(200), (220), and (312) plane reflections for zinc blende CZTS 
(JCPDS no. 26-0575) and (112), (105), (204), and (312) for 
CZTSe (JCPDS no. 70-8930), respectively. The shoulders on 
the main zinc blende (112) peaks can be assigned to wurtzite 
(100) and (101) planes.33 Since the CZTS peaks overlap with 
ZnS (JCPDS no. 26-1619, 36-1450, 05-0566) and Cu2SnS3 
(JCPDS no. 27-0198, 35-0648), and the CZTSe peaks overlap 
with ZnSe (JCPDS no. 37-1463) and Cu2SnSe3 (JCPDS no. 65–
7524), it is difficult to conclude if there are any binary phases 
from the XRD pattern. However the Raman spectra in Fig. 
1(b) show no signs of any secondary phases.  
The A1 Raman mode frequency for the CZTS and CZTSe 
phases can be observed at 338.5 cm-1 and 196 cm-1 respective-
ly, (Fig. 1(b)). The additional Raman peaks at 288 cm-1 before 
Se-injection and 172 cm-1 and 233 cm-1 after Se-injection also 
corresponds to the CZTS and CZTSe phases39. The main ZnS 
Raman peak should be seen at 353 cm-1, the Cu2SnS3 at 290 
cm-1 and 352 cm-1, the ZnSe at 249 cm-1 and the Cu2SnSe3 at 
180 cm-1, when measured with the same laser wavelength39-41. 
There is a possibility that small amounts of these secondary 
phases might be present, especially in the pure sulfide phase, 
however the Raman spectrum does not provide any evidence 
of these secondary phases. This two-step synthesis method 
therefore offers good control of the conversion and produces 
pure phase material, with no secondary phases present with-
in the detection limit of the XRD and Raman analysis.  
The XRD patterns and the Raman spectra reveal that the 
injection of Se in TOP into a mixture of CZTS NPs resulted in 
a transformation from CZTS to CZTSe. As pointed out earli-
er, the Bragg angles for CZTSe are shifted to lower values 
compared to CZTS because CZTSe has a larger lattice-spacing 
than CZTS due to the larger Se atoms replacing the S atoms. 
The XRD patterns of the (112)-reflection peak for samples 
obtained at different reaction times are plotted in Fig. 2. As 
the reaction takes place, a shift in the peak positions from 
the CZTS phase to the CZTSe phase occurs. After 10 min of 
reaction the (112) “CZTSe” peak is at 27.37o, and shifts to 
27.34o after 30 min, and 27.25o after 60 min. This indicates 
that Se-rich mixed-phase CZTSSe material is formed, but 
with small amounts of S. The Raman spectrum in Fig. 1(b) 
also supports this observation, as the small peak at 334 cm-1 
after Se-injection is an indication that there are small 
amounts of S present in the CZTSSe phase39. One possible 
reason why only little S is included is that the enthalpy for 
the mixed-phase CZTSSe is higher than CZTS and CZTSe, 
and in the liquid phase the mobility of the atoms is high and 
hence the exchange is quite substantial. Riha et al.5 also 
found that the reactivities of the precursors are crucial when 
synthesizing mixed-phase CZTSSe; if the reactivities of S- 
and Se-precursors were not properly balanced, phase separa-
tion would occur.  
 
 
 
 
 
 
Figure 2. XRD pattern centered at the (112)-reflection kester-
ite peak for various reaction times. After 10 min reaction 
there is a mixture of CZTS and CZTSe particles. 
EDX measurements were carried out for all powders, and 
the composition as a function of time after Se-injection is 
shown in Fig. 3, with the elemental distribution shown in Fig. 
3(a) and the [Cu]/([Zn]+[Sn]), [Zn]/[Sn], and [Se]/([Se]+[S])-
ratios plotted in Fig. 3(b). The nanoparticles are either CZTS 
or CZTSe, however if a thin film was formed from these par-
ticles, a mixed phase material would be created after anneal-
ing. Based on the EDX results, two minutes after Se-
injection, the [Se]/([S]+[Se]) ratio was 2% and two hours 
after Se-injection it was 86%. This conversion can also be 
quantified using the area under the (112)-reflection in the 
XRD pattern, and compared to the EDX data (can be seen in 
Table S.1.). The XRD pattern after 1 hr shows that all CZTS is 
converted to CZTSe, however the EDX data only show 82% 
conversion. One reason for this discrepancy could be that the 
CZTS NPs are poorly crystallized and the newly formed 
CZTSe NPs are more crystalline as compared to the CZTS 
NPs, or that some S is incorporated in the “CZTSe” phase as 
seen from the XRD and Raman measurements. 
The rate of transformation from CZTS to CZTSe is fastest 
at the beginning of the reaction and saturates after about 1 
hr. The [Se]/([S]+[Se]) ratio is identical to the 
[CZTSe]/([CZTS]+[CZTSe]) ratio when assuming no signifi-
cant mixed sulfide/selenide phase is present. As the reaction 
progressed, more CZTSe is formed as one would expect; 
however saturation occurs when the ratio of CZTSe is 86%. 
Some of the best CZTSSe solar cells have [Se]/([Se]+[S])-
ratios of 0.6±0.1,42 and 0.87,43 and by simply varying the dura-
tion of the reaction, these ratios can be achieved. The nano-
particles are initially Zn-rich and Cu-poor but as the reaction 
goes on one notes that there is a loss of Zn and gain of Cu. In 
order to maintain Zn-rich and Cu-poor conditions in the 
final film, KCN etching can be used to remove any unwanted 
Cu2Se phase.
44 
  (a) 
 
(b) 
Figure 3. Atomic (a) percentages and (b) ratios versus time 
after Se-injection, at 250oC and 1.33 M Se. 
 
Study on injected Se-concentration. The optimum con-
centration of injected Se for particle growth was determined 
based on measuring the composition of the particles. In Fig. 
4, the composition as a function of the injected Se-
concentration is shown, and it was found that more S is 
exchanged by Se as the injected Se-concentration increases. 
Note that the Cu, Zn and Sn atomic percentages remain 
rather constant. After 30 min of reaction time, the ratio of 
CZTS converted to CZTSe increases at higher injected Se-
concentrations. In general, looking at Fig. 4(b), it can be seen 
that for this liquid phase selenization method, the substitu-
tion of S to Se seems to approach saturation after 2 M of Se. 
In order to observe changes on a suitable time scale, a con-
centration of 1.33 M was chosen for the following study be-
cause the composition seems to show saturation at this con-
centration. 
 
(a) 
(b) 
Figure 4. Atomic (a) percentages and (b) ratios as a function 
of injected Se-concentration, at 250oC for 30 min. 
 
Particle growth. Fig. 5 shows TEM images of the particles 
over time after Se-injection. The largest particle size after 2 
min was 30 nm and this increased to 80 nm after 30 min and 
finally to 116 nm after 4 hr (Fig. S.1.). The average particle size 
changes from 15±7 nm after 2 min, to 66±11 nm after 30 min, 
to 56±21 nm after 4 hr, indicating the presence of a few large 
particles with many small nanoparticles at longer reaction 
times. The large particles were found to be Se-rich, and the 
small ones S-rich. 
In order to conclusively rule out the impact of the sol-
vent/ligand on the particle growth, the CZTS NP solution 
was heated while injecting only TOP. The average CZTS 
particle size estimated from Fig. S.2(a) and (b) was 13.3±4.1 
nm and 15.5±5.2 nm, respectively. Thus no significant particle 
growth occurs without the addition of Se. 
The main focus in the literature until now has been to 
achieve a narrow size distribution in order to form a compact 
film.15 Applying size-selective methods, could possibly isolate 
the large particles.45 However, perhaps a better packing den-
sity can be achieved from having a mixture of large and small 
NPs. 
 
 
 Figure 5. TEM images of particle growth in time after Se-injection, at 250oC and 1.33 M Se. (a) 2 min, (b) 5 min, (c) 10 min, (d) 20 
min, (e) 30 min, (f) 1 hr, (g) 2 hr, and (h) 4 hr.  
 
Even larger particles can be synthesized by optimizing the 
synthesis conditions. By changing the temperature and 
amount of Se injected, the CZTSe particles grow to almost 
500 nm (showed in Fig. S.3.), and by using a solvent with a 
higher boiling point than hexadecane, even higher synthesis 
temperatures would be possible. These findings are very 
relevant for synthesizing large NPs through the hot-injection 
method, and more focus can be put on this approach in the 
future to control the particle size. 
Nanoparticle formation mechanism. Nanoparticle growth 
typically occurs in two steps: initially, the precursors, i.e. the 
salts, transform into active monomers (here metal cations 
and chalcogenide anions or their corresponding reactive 
complexes) that nucleate in a supersaturated solution, fol-
lowed by a growth process. The growth occurs by monomer 
diffusing onto the nuclei either directly from the solution or 
at the expense of other smaller particles as they have higher 
surface energy – Ostwald ripening. Ostwald ripening de-
scribes the process when smaller particles shrink and larger 
ones grow.46 Both the surfactant molecules, the precursors 
and the solvent affect the processes of nucleation and 
growth, and this complex process is still not well under-
stood.38 
In our case, we see the formation of a few large and highly 
crystalline CZTSe NPs together with many smaller CZTS NPs, 
as illustrated in Fig. 6. We suggest that when Se-TOP is in-
jected, the CZTS NPs decompose into monomers, leading to 
nucleation and growth to form CZTSe NPs. In the initial 
phase the high concentration of monomers may lead to an 
enhanced growth of small CZTSe-particles. This will soon 
continue as Ostwald ripening. As no core/shell-structure was 
detected by STEM-EDX (Fig. S.4), we assume that new nu-
cleation of CZTSe occurs. 
Yin and Alivisatos’ model38 of kinetic size control can be 
used to explain this; their model describes the growth rate as 
a function of particle size for low and high monomer concen-
trations. They introduce a critical size, above which particles 
grow and below which they redissolve. For high monomer 
concentrations the critical size is smaller than for low mon-
omer concentrations. Furthermore, the growth rate for high 
monomer concentrations is faster for smaller particles, which 
results in size focusing. For low monomer concentrations, on 
the other hand, the growth rate is not changing much, lead-
ing to a wider distribution of particles. Our design of experi-
ment ensures that at the time of Se-injection, we have nano-
particles and only very few free cation monomers are availa-
ble, which leads to few nuclei being created with a high criti-
cal size. Fewer CZTSe nuclei initially means more monomers 
available from the CZTS NPs per nuclei, and thus larger 
CZTSe nanoparticles.  
During the course of the reaction, we assume that the 
CZTS NPs decompose, which leads to a release of metal cati-
ons and chalcogenide anions. The electron affinity of S (200 
kJ/mol) is higher than that of Se (195 kJ/mol)47, which results 
in more S to be reduced to reactive sulfide. This may explain 
why CZTS is redissolved to a greater extent than CZTSe. 
In addition, the stability of the compound depends on the 
enthalpy of formation, ΔHf, which is lower for CZTSe than 
CZTS.33 In other words, CZTSe is the more stable compound, 
which explains why the large particles consist of CZTSe. 
(a) (b) (c) (d) 
(e) (f) (g) (h) 
 Fig. 7 shows a schematics of how the monomer concentra-
tion could vary during the synthesis of CZTS NPs (curve I), 
and during the conversion of CZTS NPs to CZTSe NPs (curve 
II). Growth of the CZTS NPs occurs after a quick nucleation 
with a high monomer concentration, and the particle distri-
bution is relatively monodisperse at the end of the reaction. 
Converting CZTS NPs to CZTSe NPs on the other hand, oc-
curs at a low monomer concentration, but with a constant 
release of monomers throughout the reaction. LaMer and 
Dinegar state that the final particle size and the rate of 
growth depend on three factors: (1) the number of nuclei, (2) 
the total amount of diffusible monomers, and (3) the diffu-
sion coefficient of the monomers in the medium.48 The num-
ber of nuclei and the amount of mobile monomers are thus 
what allow us to synthesize large particles.  
 
 
Figure 6. The proposed formation mechanism for hot-
injection of Se into CZTS NPs. The outer shell of atoms on 
the CZTS NPs is constantly in a dynamic equilibrium with 
monomers (ions) in the solution. As Se is injected, a nuclea-
tion and growth occur favoring the CZTSe phase. As the 
reaction is allowed to go on, the CZTSe NPs grow larger at 
the expense of the smaller CZTS NPs. 
 
 
Figure 7. Monomer concentration as a function of time, 
where curve I is based on the well-known model by LaMer 
and Dinegar:48 After a single nucleation event a uniform 
growth by diffusion occurs. Curve II depicts what could hap-
pen in our case: Initially, we have a low monomer concentra-
tion and thus few nuclei with a high critical size. Thereafter, 
we have a constant supply of monomers, which allows the 
formation of large particles. Symbols are explained in Fig. 6. 
We have found that it is difficult to control the transfor-
mation of CZTS into mixed-phase CZTSSe while injecting Se-
TOP at a temperature of less than 300oC. The CZTSSe NPs 
synthesized will always be Se-rich. To limit the decomposi-
tion of the CZTS NPs and to trigger the formation of mixed-
phase CZTSSe particles, lower amounts of Se or a mixture of 
S/Se can be injected. Currently the injected Se concentration 
far exceeds the S concentration in the solution. Alternatively, 
using a more slowly reacting Se-precursor could aid in avoid-
ing a phase-separated system, as seen by Riha et al.5 Another 
possibility would be to initially synthesize CZTS with TOP as 
surfactant, and then inject Se in oleylamine. This might limit 
the decomposition of CZTS and perhaps avoid phase separa-
tion. Finally, one could also synthesize mixed CZTSSe NPs 
using this synthetic route by starting with CZTSe and inject-
ing S. 
There may be many routes to control the monomer con-
centration, but this is the first of its kind for CZTS/CZTSe 
NPs. 
 
Conclusion 
The growth of CZTS/CZTSe nanoparticles can be con-
trolled by the reaction duration, the reactivity of the chalco-
genide precursors or controlling the monomer concentra-
tion. In the present work we describe how to control the 
monomer concentration in the solution by starting out with 
a mixture of CZTS nanoparticles and injecting Se. Introduc-
ing a high concentration of Se in the liquid phase as a kind of 
liquid selenization can result in approx. 500 nm CZTSe parti-
cles. The generation of the large particles is a consequence of 
the initial low monomer concentration, as well as the fact 
that the CZTSe phase is more stable than CZTS, and that 
there is a supply of monomer from the original CZTS NPs.  
This approach can be used to create a mixture of large and 
small nanoparticles, which could favor the packing of parti-
cles for a film. Furthermore, the ratio of CZTS to CZTSe can 
be carefully tuned simply by varying the reaction time. 
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 Supporting Information 
 
Percentage of conversion 
The percentage of conversion from CZTS to CZTSe is calculated from the areas under the XRD peaks of 
the (112)-reflections, and compared to the EDX data in Table S.1. The amount of conversion is larger from 
the XRD data, where 100% conversion is assumed for the film formed using the particles obtained after 60 
min of reaction and that the amount of mixed-phase sulfide/selenide material is negligible. 
 
Table S.1. Percentage of conversion from CZTS to CZTSe calculated from XRD and EDX measurements: 
From the area under the (112)-reflection in the XRD pattern in Fig. 2 (where the peak area for 60 min is set 
equal to 100%), and extracted from a fit to the EDX curve in Fig. 3(b). 
 
 
Reaction time (min) 
Percentage of conversion (%) 
XRD EDX 
5 33.1 12.5 
10 46.6 28.4 
30 84.5 64.5 
60 100 81.6 
 
Particle size 
The particle size as a function of time was determined from the TEM images in Fig. 5, and is displayed 
in Fig. S.1. A polydisperse particle size distribution is observed, and both the average size of large particles, 
small particles, and all particles are plotted.   
 
Figure S.1. Average particle size measured from TEM images synthesized at 250oC with 1.33 M Se. A bi-
modal distribution of particle sizes is seen for most cases. 
 
Influence of surfactant 
A TEM image of the nanoparticles obtained just before Se-injection is shown in Figs. S.2(a), i.e. after re-
action at 220oC for 20 min. Fig. S.2(b) shows these CZTS NPs after only TOP injection. The NPs in Fig. 
S.2(a) were precipitated by centrifugation and re-dispersed in hexadecane, followed by injection of TOP 
without Se and heated at 250oC for 30 min and the NPs are showed in Fig. S.2(b). 
 
 (a)                             (b) 
Figure S.2. TEM images of CZTS NPs after (a) 20 min reaction at 220oC, and (b) after 50 min reaction with 
TOP injection. This is the result of a reference experiment to see if TOP alone would initiate grain growth 
of the CZTS NPs. In the case of (b), the reaction was stopped after 20 min and started again with injection 
of TOP (without Se) for 30 min. 
 
Larger particles 
We have also studied particle growth at 230oC and 0.66 M Se (Fig. S.3(a)) and at 260oC and 1 M Se (Fig. 
S.3(b)). The distinct faceted shapes of the Se-rich particles imply a highly crystalline material, and after 1 h 
reaction at 260oC and 1 M Se the largest particle size was approaching 0.5 µm in diameter. 
 
(a)                                                (b) 
Figure S.3. TEM image of CZTSe particles grown for (a) 2 hr after Se-injection, at 230oC and 0.66 M Se, 
and (b) 1 hr after Se-injection, at 260oC and 1 M Se. These reaction conditions result in very large particles, 
approaching 500 nm. 
 
Elemental map 
The STEM-EDX elemental map in Fig. S.4 shows the NPs after Se-injection, and it supports the XRD re-
sults. The large particles are Se-rich, and the S-signal can come either from small S-rich NPs aggregating 
on the surface of the large particles, or from a small amount of S inside the Se-rich particles, as the XRD 
and Raman analysis also suggest. No sign of a core/shell-structure is observed. 
 
 
 
 
Figure S.4. STEM-EDX elemental map of NPs heated at 260oC for 30 min after Se-injection. 
 
 
 
